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Abstract 
Although it was developed primarily as a method to produce integral thick preforms for composites, 3D weaving provides an 
intriguing industrial scale manufacturing path to form cellular metal materials. In typical composites applications, development 
focused on increasing the volume fraction of fibers (yarns) within the preform. To produce effective cellular materials instead, 
research must focus on how to create open space within the woven structure. As a demonstration of this manufacturing path, 
small Cu wires, and then NiCr wires, were woven into several materials with various internal architectures using a non-crimp 3D 
orthogonal weaving machine. Initially, techniques were developed to weave the individual metal wires with precise placement 
and minimal twisting. These techniques were then used to create several different 3D woven material architectures with regular 
interconnected internal open space. Subsequent processes, such as brazing, soldering, and electroplating would be used to bond 
the nodes where the wires contact each other. In this set of experiments, the materials were 30 mm wide, 3-4 mm thick and on the 
order of a meter long. However the techniques should be scalable to meters in width, centimeters in thickness, and tens of meters 
in length.   
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Scientific Committee of North Carolina State University.  
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1. Introduction 
Cellular metal materials, such as metal foams, minimize density by creating pores within the material 
(Shapovalov (1994)). In metal foams the size of the pores can be varied over a wide range and the pores can be 
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created open to the outer surfaces or isolated from them (closed). However, to a large degree the metal ligaments 
that form the metal foam structures follow mostly random orientations (Simankic (2001)).  
 Other approaches for manufacturing cellular metal materials include 3D printing (Meisel et al. (2013)) and self-
propagating photopolymer waveguide prototyping (Schaedler et al. (2011)). These approaches produce highly 
oriented connective metal elements; however each are relatively slow processes with limited dimensions. Either 
would take considerable time to produce tens of kilograms of material.  
 Producing porous metal structures with highly oriented elements in large quantities can be accomplished using a 
recent variation on a very old technology, 3D weaving. Advances in the last few decades in 3D weaving enable the 
fabrication of large thick fabrics composed of multiple interconnected layers. By using metal wires instead of 
traditional textile or composites yarns, moderately thick, porous metal structures can be manufactured.  
1.1. 2D Weaving 
In 2D weaving, the yarns aligned in the length direction are called warp yarns and those in the width direction are 
called fill or weft yarns. All warp yarns are moved vertically, half up and half down, through heddles that in turn 
connected via harnesses. In the weaving cycle, the fill yarn is inserted across the width, a comb-like structure (reed) 
pushes this yarn into the fabric, the harnesses swap to reposition the warp yarns vertically, and the fabric advances 
one step. The fabric is bound by the interlacing of the yarns, both across the width and along the length of the fabric. 
1.2. Non-Crimp 3D Orthogonal Weaving 
3D weaving incorporates multiple layers of warp and fill yarns in a single fabric. In non-crimp 3D orthogonal 
weaving, invented at North Carolina State University (Mohamed and Zhang (1992)), the fabric is composed of a 
number of warp layers and that number of fill layers plus one. A portion of yarns aligned in the length direction, 
called Z yarns, traverse multiple fill and warp layers, looping over the top fill yarn, through the fabric thickness, 
then under the bottom fill yarn, pulling the warp and fill layers together. All fill layers are simultaneously inserted in 
a single machine cycle and only the Z yarns are repositioned vertically using the heddles and harnesses. The warp 
yarns are not repositioned vertically during the process and do not pass through heddles. As Fig. 2 shows, the final 
fiber architecture has straight warp and fill yarns, i.e. without the waviness (crimp) of the 2D woven fabric.  
 As this description shows, the two fill yarns, one across and one back at each insertion, are subjected to bending 
primarily at the selvedge loops, while the warp yarns experience essentially no bending. This fill yarn radius can be 
controlled by the size of the hold pins at each edge.  
In wrapping around the top or bottom fill yarns during each fill insertion, the Z yarns form a relatively small 
radius. The ability of Z yarns to withstand this bending limits the fill spacing in fabrics composed of brittle fibers, 
metal yarns, or metal wires.  
 
 
Fig. 1. Schematic of 2D weaving; warp positions are red; fill are blue. The yellow bar shows insertion of fill yarn. 
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Fig. 2. Orthogonal 3-D Weave Fiber Architecture, 
Warp yarns are red, Fill yarns are purple, Z yarns are light blue 
 
 
Fig. 3. Diagram of Z wire bending. 
1.3. Weaving Metal Wires 
3-D weaving of several plied metal wires and metal yarns, including copper, stainless steel, and titanium has been 
demonstrated in published work (Sharp and Bogdanovich (2008)) and unpublished projects. For the research 
reported here, the focus was on weaving single wires into structures.  
 The 3D woven wire structures would have only minimal shear strength since the wires would have no restraint to 
relative motion between them. Forming load bearing parts from these wires then requires bonding of the contact 
points between the wires. This work is described elsewhere (Zhao et al. (2013), Zhang et al. (2013)) in this 
conference.  
 The amount of bonding will be highly correlated to the amount of contact between the wires. Fig. 3 shows a 
diagram of the Z wire at the extreme case, where the wires are in maximum contact with each other in the fiber 
architecture.  
 If the amount of contact described in Fig. 3 were achieved, the strain at the outer surface of the wire can be 
determined by the difference in the length between outer circumference and the centerline of the wire and is given  
by equation (1);  
 
( 4 3 ) / 3 1/ 3d d dε π π π= − =        (1) 
 
At the extreme outer surface, the wire would then undergo 33% tensile strain. A similar analysis shows that the 
extreme inner surface of the wire would undergo 33% compressive strain, described in equation (2). 
 
( 2 3 ) / 3 1/ 3d d dε π π π= − = −        (2) 
 
For most metals this level of strain is well into the plastic regime. For some it would be beyond the metal’s 
failure strain. Also, as the tensile/compressive modulus of the metal increases, it becomes more difficult to force the 
wire to bend to a small radius.  
 Most 3D weaving involves the use of yarns that consist of large numbers of filaments with diameters on the 
order of 1-20 µm. The filaments can shift within the yarn to fill available openings. A small amount of twisting of 
adjacent yarns, such as 2 yarns in a warp opening or 2 yarns in a fill insertion would cause little concern.  
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However, weaving single filaments, such as individual metal wires, allows no such shifting. Twisting of the wires 
manifests itself by increasing the thickness of the part, with attendant lowering of the metal volume fraction and 
lowering of the amount of contact between the wires. Since effective bonding of the wires requires maximum 
contact between them, twisting is undesirable. 
1.4. Optimized Structures 
The base non-crimp 3-D orthogonal fiber architectures can be manufactured with as low as around 30% fiber 
volume fraction (Vf) and as high as around 56%. To reduce density and to increase the number and size of open 
pathways in the structure, wire positions in the structure can be selectively left unoccupied during weaving. Fig. 4 
shows diagrams of a unit cells for several architectures of 3D weave where wires in selected “yarn” positions were 
left unoccupied. 
 
 
Fig. 4. Representative 3-D Woven Fiber Architectures. Fill Yarns - Blue, Warp Yarn- Red, Z Yarn – Green. 
 
 
 
Fig. 5. Small non-crimp 3D orthogonal weaving machine with 5 warp layer / 6 fill layer copper wire “fabric”. 
 
 
 
Fig. 6. Non-crimp 3D orthogonally woven copper wire structure, “standard” wire architecture. 
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2. 3D Weaving Results 
The ability to 3D weave the metal wire structures was demonstrated with two metal types, 99.9% pure copper 
and NiCr Chromel A. Both a “standard” 3D weave structure and an “optimized” structure, where wire positions 
were selectively left unoccupied in the weave were manufactured. Fig. 5 shows the small prototype 3D weaving 
machine used to make 30 mm wide structures. Wider parts with more warp/fill layers are possible on larger 
machines.  The base 3D woven “fiber architecture” is described by the following:  
• 5 layers in warp (length) and 6 layers in fill (width)  
• For each warp layer, 2 wires are placed at a spacing of 15.7 locations per cm across the width.  For each fill 
layer, 2 wires are placed at a spacing of 0.64 mm along the length.  
• The Z yarns are aligned with the warp yarns, spaced at 15.7 locations per cm across the width and inserted 
with a spacing equal to the fill insertions.  
 
2.1. Copper 
Bare soft annealed 32 gauge electrical copper wire was obtained from Arcor Electronics, Northbrook, IL, product 
number F32. In the AWG standards, 32 gauge wire has a 201 µm diameter (0.0079 inch). The copper wire has a 
tensile modulus of 116 Gpa. With all wires in full contact, the thickness of the part would equal the sum of the 
diameters of 5 warp layer wires, 6 fill layer wires, 2 Z wires and two ½ wire diameters to accommodate the bend at 
each surface, a total of 14 wire diameters. With the 32 gauge wires, then the ideal thickness would be 2.81 mm. The 
ideal fill wire insertion spacing would equal the sum of 2 fill wire diameters plus 1 Z wire diameter, 0.603 µm.  
 Over 3 m of 30 mm wide material have been 3D woven with a thickness of 3.2 mm at a fill insertion spacing of  
0.64 mm, as shown in Fig. 6a and 6b. Note that the surface of the structure in Fig. 6b exhibits no twisting of the 
surface wires. Eliminating wire twisting demanded much effort including multiple adjustments in wire tension, 
relocation of the weaving zone, changes in the angles of the wires in the weaving machine set-up, and finally the 
development of a mechanism to maintain constant tension on the fill wires during the entire weaving cycle.  An 
“optimized” structure was produced where 30% of the warp wires were removed and 33% of the fill wires were 
removed. In the warp direction, alternating columns of wires were arranged so that one column of the 5 sets of warp 
wires were completely occupied and the adjacent column had only the top and bottom positions occupied. In the fill 
direction, alternating columns of fill wires were arranged so that one column of fill wire positions were occupied 
only in the 1st, 2nd, 4th and 6th layers and the adjacent column of fill wire positions wires were occupied only in the 
1st, 3rd, 5th and 6th layers. Fig. 7 shows micrographs of this structure.  
 Over 3 m of this structure was woven, also at a 0.64 mm fill wire spacing and with a thickness of 3.2 mm. In Fig. 
7a, the single wires at the top of structure are the Z wires. In Fig. 7b, the long curving wires are the Z wires. The 
NiCr that was 3D woven was 32 gauge NiCr wire, soft annealed Chromel A, (20.0% Chromium 78.4% Nickel, 
1.00% Silicone, 0.05% Iron) obtained again from Arcor. The NiCr wire has a tensile modulus of 220 Gpa. 
The same 3D woven structures were manufactured using the NiCr wire. Fig. 8 shows an image of a 3D woven 
NiCr part.  The stiffer NiCr wires affected the weaving. The wires positioned themselves differently in the fill 
insertion mechanism and they required higher tensions to force the bending of the Z wires. To effectively 
manufacture this structure it was necessary to double the power of the motor that moved the reed. The effects 
limited the fill insertion spacing to 0.7 mm. For the standard structure, where all wire positions were occupied, the 
minimum thickness was 4.0 mm. For the “optimized” structure, described above, the minimum thickness was 3.2 
mm.   
 
a)Warp direction, Z at top b) Fill direction, Z at top 
Fig. 7. Non-crimp 3D orthogonally woven copper wire structures, “optimized” wire architecture. (Courtesy of Johns Hopkins University). 
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Fig. 8. Non-crimp 3D orthogonally woven NiCr wire structure, “standard” wire architecture. 
3. Conclusions 
This effort investigated a new manufacturing method for producing large ammounts of cellular metal materials, 
non-crimp 3D orthogonal weaving. This method can produce cellular metal materials with highly oriented metal 
ligaments and open porosity. The porosity can be tailored to provide an increased number of paths through the 
material and to lower the structure’s overall density. 
Non-crimp 3D orthogonal weaving was demonstrated on bare annealed copper and bare annealed NiCr Chromel 
A wires with 201 μm wire diameters. In each case, an architecture where all weaving positions were occupied and 
an architecture where selected weaving positions were left unoccupied were produced. The demonstration structures 
were 30 mm wide and 3.2 to 4 mm in thickness, however much large structures are possible. 
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